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Theoretical aspects of a solar sail material degradation are presented when the solar 
electromagnetic and corpuscular forms of radiation were considered as sources of degradation. 
The analysis of the interaction of two components of solar radiation, the electromagnetic 
radiation and radiation of low- and high-energy electrons, protons, and helium ions emitted by 
the Sun with the solar-sail materials is discussed. The physical processes of the interactions of 
photons, electrons, protons and α-particles with sail material atoms and nuclei, leading to the 
degradation and ionization of solar sail materials are analyzed. The dependence of reflectivity 
and absorption for solar sail materials on temperature and on wavelength of the 
electromagnetic spectrum of solar radiation is investigated. It is shown that the temperature of 
a solar sail increases approximately as 5/2~ −rT ,  with the decrease of the heliocentric 
distance r, when are taking into account the temperature dependence of optical parameters  of 
the solar sail material.  
Nomenclature 
ρ  =  density of the sail material, g/cm3 
d = thickness of solar sail material 
 = electrical conductivity, Ω−1m−1 
0σ   = electrical DC conductivity at temperature 0T , Ω
−1m−1 
),( Tλρ  = spectral reflectivity 
),( Tλα  = spectral absorptivity 
),( Tλτ  = spectral transmissivity 
),( Tλς  = spectral emissivity 
)(Tς  = emissivity 
SBσ  = Stefan-Boltzman constant, Wm
2K-4 
μ = mass attenuation coefficient 
n = number of metal atoms in the unit volume, cm-3 
Z = atomic number 
T = temperature, K 
)(ωε  = dielectric function 
I. Introduction 
he solar sail is one of the very few proposed space-propulsion methods that has enormous potential, because 
it takes advantage of sunlight and does not require the chemical fuel that spacecraft currently relies on for 
propulsion. Solar sails accelerate slowly but surely, capable of eventually reaching tremendous speeds that 
may eventually be applied to interstellar exploration and travel. In fact, many scientists consider solar sailing the 
only reasonable way to make interstellar travel a reality. Usually a solar sail is considered as a thin membrane 
that uses the momentum carried by electromagnetic radiation originated from the sun to propel a spacecraft. 
However, the Sun space environment is a very dynamic place. As well as a high photon flux, there is a stream of 
electrically charged particles that is ejected from the Sun. This corpuscular part of the solar radiation is highly 
variable in terms of both velocity and density. The interactions of a solar-sail material with positive and negative 
Sun-generated particles must therefore be considered by interstellar mission planners because a solar sail will be 
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a long term under an influence of different type space environmental effects. Solar energetic particle events can 
have a significant effect on both the operations and design of a solar-sail spacecraft. This was one of the reasons 
for formation of the Environmental Effects Group at NASA’s Marshall Space Flight Center [1] that is tasked 
with characterizing the material properties of newly developed sail materials and further characterizing these 
materials in emulated space environments. Furthermore, the authors of Ref. [2] established in November 2004 
the Solar Sail Degradation Model Working Group to take a step forward towards to study the general optical 
degradation behavior of solar sails and its impact on mission analysis. However, it is interesting to mention that 
more than four decades ago NASA experience has indicated a need for uniform criteria for the design of space 
vehicles related to effect of space environment on its material [3]. Present-day investigations [4-6] indicated that 
the space environmental effects degrade sail material thermo-optical properties and the sail material mechanical 
stability with increasing radiation exposure.  Solar Sail Materials [7] is an on-going project for the European 
Space Agency relying on past and recent European solar sail design projects. It aims at developing and testing 
future technologies suitable for large, operational solar sailcrafts. 
A solar-sail performance is significantly affected by four factors: the areal mass of the sail, the optical 
properties of the sail film, the mechanical properties of the sail films, and the sail geometry. The first three 
factors are depending on each other that makes it difficult to study their influence on the performance of solar 
sail. The optical parameters such as a radiation absorption coefficient and emissivity are the major parameters 
governing the solar sail’s surface temperature and its serviceability. This article focuses on theoretical aspects of 
a solar sail material degradation when the solar electromagnetic and corpuscular forms of radiation were 
considered as sources of degradation. The analysis of the interaction of two components of solar radiation, the 
electromagnetic radiation and radiation of low- and high-energy electrons, protons, and helium ions emitted by 
the Sun with the solar-sail material that lead to it degradation is addressed. 
The remainder of this paper is organized in the following way. In Sec. II we discuss the structure and energy 
spectrum of the solar radiations. The temperature dependence of a solar sail parameters is discussed in Sec. III, 
where is presented the minimal thickness of the solar sail film that provides the maximum reflection of the solar 
radiation, as well as is given the dependence of the temperature of the solar sail material on the heliocentric 
distance when the optical parameters depend on temperature.  The results of interaction of the ultraviolet 
radiation with the solar sail material are presented in Sec. IV A, while Sec. IV B has deal with the degradation of 
the solar sail material by solar electrons, protons and ions of helium. Finally, in Sec. V we summarize our studies 
and present the conclusions. 
II. Solar Radiation  
Solar radiation has two components: the electromagnetic radiation and the corpuscular radiation that consist 
from low- and high-energy elementary particles like electron, protons, neutrinos and ions of light nuclei emitted 
by the Sun.  The solar corpuscular radiation mainly results from a solar wind, coronal mass ejections, solar 
flares, and solar prominences that are the main sources of electrons and protons. The first two produce electrons 
with energies from about 0.01 eV up to a few hundreds of eV and the flares are a source of high energy electrons 
with energies from 1 MeV up to hundreds of MeV. The energy spectrum of the solar protons extends from 0.2 
keV to a few tens of keV for solar wind and coronal mass ejection protons and up to a few GeV for solar flare 
protons.   
 The spectrum of electromagnetic radiation of the sun is also diverse. Using the experimental data for the 
solar spectral irradiance in wide range of wavelengths from 119.5 nm (~ 10.4 eV) up to more than 5000 nm (~ 
0.25 eV), with the maximum around 500 nm from Ref. [8] we present  the dependence of the spectral irradiance 
of solar electromagnetic radiation on the energy of solar photon shown in Fig. 1. (The total area under the curve 
in Fig. 1 gives the value of the solar constant W0=1366.1 W/m2). Almost 7% of the solar electromagnetic 
radiation consisting from ultraviolet (UV), X - and γ -rays [9] takes part only in an ionization of the sail 
producing the surface charge distribution. The visible wavelengths of the incident solar electromagnetic radiation 
are mostly reflected by the solar sail depending on the coefficient of reflection of the solar sail material. But a 
part of the visible radiation as well as the infrared portion of the spectrum with wavelengths are greater than 780 
nm (~ 1.6 eV) will be mostly absorbed by the solar sail causing the heating of the sail and, therefore, the increase 
of its temperature. It is important to mention that about 47% of the solar radiation is in the range of infrared and 
microwave spectrum which is causing the heating of the sail and, as a result, its temperature increase. 
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Fig. 1 Dependence of the Spectral Irradiance of solar electromagnetic radiation on the energy of a solar photon.  
The interaction of the solar electromagnetic radiation with the solar sail not only accelerates the spacecraft but 
also induces the diversity of physical processes that change the physical properties of the sail. The interaction of 
the electromagnetic radiation with the solar sail material results in the photoelectric effect, the Compton effect 
and creation of electron-positron pairs that are the main processes that play a crucial role in the attenuation of the 
ultraviolet, X-ray and γ-ray by a solar sail. When the photons energy exceeds the threshold for nucleon knockout 
from solar sail material nuclei, a nuclear photoeffect occurs. All photons that produce the photoelectric effect or 
create the electron-positron pairs give up all their energy to the sail. For high-energy photons, which are X - and 
γ -rays portion of the spectrum, the sail is mostly transparent. However, metallic sails will be partially ionized 
by the solar UV radiation, as is shown in Ref.  10.  
 Consequently, we can conclude that basic components of the solar radiation that will interact with the solar 
sail are electromagnetic radiation with energy from a few tenths of eV to hundreds of MeV, and electrons and 
protons in the energy spectrum from a few tenths of eV to hundreds of MeV and up to GeV.  Thus, the ionization 
of the sail, induced by the solar electrons, protons and helium ions, and its heating, resulted from the absorption 
of the electromagnetic waves, are two main culprits in degradation of the sail material that required a 
consideration.  
Below the degradation of solar sail material is considered under the following assumptions: 
• The only sources of degradation of the solar sail material are the solar electromagnetic radiation and 
corpuscular part of the solar radiation: electrons, protons, helium ions (α-particles). The cosmic radiation that 
mostly includes electrons and protons can be considered as a part of the solar corpuscular radiation. 
• The optical parameters such as a reflection coefficient, an absorption coefficient and a solar sail’s surfaces 
emission coefficients depend on the sail temperature.   However, the optical coefficients do not depend on the 
incidence angle of electromagnetic radiation. Also, we are not considering the solar events. Therefore, the 
solar electromagnetic and corpuscular fluxes do not depend on time. 
III. Temperature Dependence of Solar Sail Parameters 
A. Thickness of a solar sail material 
The effect of ionizing radiations depends on both the radiation dose and the parameters of the solar sail 
material including the film thickness. It is already an established fact that the degradation is much more severe 
for the higher radiation doses and thinner films [11]. From the other hand one of the key design parameter, which 
determines the solar sail performance, is the solar sail areal mass, which depends on the thickness and the 
density of the sail material as follows: 
              ds ρ=               (1) 
where d  is the thickness of the sail and ρ is the density of the sail material. An optimal control of solar sails 
depends on the sail areal mass as well as the sail pitch angle. It is clear from Eq. (1) that to obtain a high 
performance sail we should select among the materials with the same optical properties, the material with low 
density and use a thin film of this material for the solar sail. On the other hand, the degradation of a solar sail 
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through the ionization also depends on the thickness of a sail material. It is obvious that when thickness of the 
sail increases the penetration of the solar radiation decreases and, therefore, the attenuation increases that causes 
the degradation of the solar film. If the solar sail film is too thin its degradation by electrons and protons 
decreases, however, it may become transparent for a part of the electromagnetic spectrum of the solar 
electromagnetic radiation and, therefore, this part of solar radiation is lost for the acceleration of the sailcraft. 
The question is how thin the film for a solar sail should be that it would produce the acceleration of the sailcraft 
based on the maximum reflection of solar electromagnetic radiation and its optical degradation by UV 
radiation, X , γ – rays and the corpuscular solar radiation would be minimal? For the electromagnetic part of the 
solar radiation electromagnetic fields inside a metallic conducting foil decay rapidly with depth. The distance it 
takes to reduce the amplitudes of the electromagnetic field by factor of e/1  (e-folding distance) is a skin depth 
and it is a measure of how far an electromagnetic wave penetrates into the conducting metallic foil.  It is obvious 
that the foil thickness should be always larger than the skin depth; otherwise the solar sail material will be 
transparent to the electromagnetic radiation. Following the standard electrodynamics approach [12, 13] by 
applying the system of Maxwell’s equations for linear conducting media in Refs. [14, 15] was found the 
minimum foil thickness that provides the maximum reflection and investigated dependence of this minimum 
thickness on wavelengths of solar electromagnetic radiation as well as on temperature. The condition for the 
minimum thickness of the solar sail that performs the acceleration of the sail based on the maximum reflection of 
the solar radiation should be at least the following [15]:  
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where ω is a frequency of solar radiation, )(ωε  is the permittivity which is a function of the frequency and 
),( Tωσ  is the electrical conductivity of a material, which depends on the frequency (wavelength) of 
electromagnetic radiation and temperature. Using Eq. (2) we can estimate the minimal thickness of the solar sail 
required to achieve maximum reflection of the solar electromagnetic radiation for the given optical properties of 
the metallic foil.  The required thickness of the metallic foil is governed by two properties of the solar sail 
material: the permittivity )(ωε and the conductivity ),( Tωσ  of the metallic foil. However, it is not the entire 
story. Actually, each of these parameters determines the optical properties of the solar sail material and depends 
to some extent on the frequency of the electromagnetic wave and the temperature. Indeed, Eq. (2) shows that the 
minimal thickness has the explicit dependence on the frequency through the factor ω/1  and it also has implicit 
dependence on frequency, because the conductivity ),( Tωσ  and dielectric function )(ωε are frequency 
dependent. Also the minimal thickness depends implicitly on the temperature through the temperature 
dependence of the conductivity. 
 The required thickness of the solar sail material is fluctuating depending on the temperature and frequency, 
therefore, we need to determine the minimal thickness of the sail material that would enable it to achieve the 
reflection of all solar spectrum frequencies at the temperatures that it got in the space environment. In studying 
the dependence of the sail material thickness on the temperature and on the solar electromagnetic spectrum 
frequency (wavelength) we use Eq. (2) and have assumed the solar sail material to be nonmagnetic, therefore, 
the permeability m/AT 104 70 ⋅×=
−πµ . 
 The calculations performed using for the beryllium and aluminum films to find the required thicknesses of 
the solar sail material providing the best reflection of electromagnetic radiation as a function of wavelength of 
the solar radiation and temperature show that the general behavior of this dependence is such that the increase in 
the temperature requires increases in the thickness of the sail foil to keep its best reflection ability [15]. Also the 
analysis shows that the thickness of the foil exhibits the negligible dependence on the wavelength at low 
temperature and weakly decreases for all wavelength ranges at high temperature. However, much stronger 
dependence of the minimal thickness on the temperature, especially in the range corresponding to the visual part 
of the solar radiation spectrum. Both solar sail materials exhibit strong dependence of the thickness on the 
wavelength in the wavelengths range m 0.8  m .20 µλµ <<  and this dependence becomes stronger when 
temperature increases. The analysis of the results of calculations shows that the minimal thickness requirement 
that provides the best reflection and absorption of all solar radiation wavelengths for temperature range up to 
about 800-900 K for which the limit of the elastic deformation can be reached, is about 50 nm for beryllium and 
aluminum that corresponds to the areal mass 0.1 g/m2 and 0.14 g/m2 for beryllium and aluminum, respectively.  
Above we mentioned the results of calculation of the temperature dependence of the minimal required 
thickness for the solar sail film for the constant value for the temperature coefficient of conductivity over the 
range of temperature. However, in reality, the temperature coefficient of conductivity is not a constant over the 
above range of temperature. It increases with a rise of temperature but not linearly [21]. To demonstrate the 
importance of this fact, we used the experimental values of the temperature coefficient of conductivity from Ref. 
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[21] obtained for beryllium, extrapolated them, and made model calculations for the temperature dependence of 
the thickness of the beryllium film. The result of calculations shows that consideration of the temperature 
dependence of the temperature coefficient of conductivity leads to the increase of the required thickness by more 
than 35% at high temperatures [14]. Therefore, this factor must be also taken into consideration when designing 
the solar sail. 
B. Optical Parameters 
The treatment of the optical properties of material must be properly done by quantum theory. However, for 
many purposes, an adequate and insightful treatment can be given in purely classical electron theory. There are 
four radiative properties of the material surface: spectral reflectivity ),( Tλρ , absorptivity ),( Tλα , 
transmissivity ),( Tλτ  and emissivity ),( Tλς . All four properties are functions of temperature as well as of 
frequency of electromagnetic radiation. Absorptivity, reflectivity and emissivity can be evaluated in the 
framework of electromagnetic wave theory using the complex index of refraction, therefore, by using the 
electrical conductivity and the dielectric function of the material which must be known over the temperature and 
spectral range of interest. The electrical conductivity and dielectric function of the material are the functions of 
the wavelength of radiation and temperature. Such dependence for the case of the solar sail has been studied in 
detail in Refs. [14, 15]. Hence, the spectral absorptivity, reflectivity and emissivity of the surface of a solar sail 
should depend on the wavelength of radiation and temperature. However, the total absorptivity, reflectivity and 
emissivity of the surface are spectrally average value of the spectral absorptivity, reflectivity and emissivity and 
they depend on the temperature of the surface. 
Let us consider the solar electromagnetic radiation traveling through the vacuum and hitting the sail surface 
of a conducting medium normally to the surface. Introducing the complex index of refraction as imn −  and 
taking into account that the solar electromagnetic radiation is unpolarized, the Fresnel’s equation for the spectral 
reflectivity can be written in the following form [13]: 
           22
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where ),( Tn λ  and ),( Tm λ  are the indices of refraction and absorption, respectively and they depend on the 
wavelength and temperature and related to the real and imaginary parts of the complex wave number given in 
Ref.[14] as  
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For opaque media from Kirchhoff’s law that states an object must emit at the same rate as it absorbs if 
equilibrium is to be maintained, follows that the spectral emissivity related to the spectral   reflectivity as 
),(1),( TT λρλς λλ −= . Therefore, from (3) it is easy to obtain that  
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For description of the optical properties of metals it is convenient to introduce the complex dielectric function 
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This function is related to the real and imaginary parts of the complex index of reflection in the following way 
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From (8) we can express 22 ),(  and  ),( TmTn λλ  through the measurable electrical conductivity as 
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The value of 22 ),(  and  ),( TmTn λλ  can be predicted for all wavelengths and temperature or the corresponding 
values of T),(  and  )( ωσωε  can be determined within certain theoretical model or measured experimentally. 
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Let us now consider the frequency dependence of the conductivity. The best way to do that is to use the 
classical Drude model for conductivity [16]. According to the Drude model, the frequency dependent 
conductivity is a complex function and given by 
             
ti
T
ω
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ωσ
−
=
1
)()( ,             (10) 
where )(Tσ  is the DC Drude conductivity at temperature T and the relaxation time t for metal is about 1410−=t
s. In Drude model we can consider  
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and (3) and (5) become 
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The electrical conductivity depends on temperature and approximately inversely proportional to it: 
)](1/[)( 00 TTT −+= ασσ , where 0σ is DC conductivity at temperature 0T  and α  is the temperature 
coefficient of the conductivity. Hence,   ),( 2Tn λ also depends on temperature, and therefore, spectral 
reflectivity and emissivity will show temperature dependence, however in different ways.  Because ),( Tλρλ  is 
the ratio of the same order polynomials the dependence on   T in the denominator and the numerator in (12) 
cancels each other and it becomes negligible, but we cannot say the same about the emissivity. As it is seen from 
(13) the emissivity ),( Tλς λ is approximately directly proportional to 
2/1T . It is easy to show that from the 
following expansion. Since 1>n (12) and (13) may expanded as 
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The consideration of the leading terms in (14) and (15) demonstrates that the spectral reflectivity weakly 
depends on temperature, emissivity depends on temperature and increases when temperature increases. The total 
hemispherical emissivity is can be approximated by following equation [17]  
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For Al the coefficient is 7.52 K-1/2Ω−1/2m-1/2  [18]. Since the electrical conductivity σ  is approximately inversely 
proportional to the temperature, therefore, the hemispherical emissivity, as well as the total normal emissivity is 
approximately linearly proportional to the temperature. Eq. (16) satisfactorily describes the temperature 
dependence of the experimental data for the hemispherical emissivity for various metals [17]. 
In general, the solar sail is the sandwich of films and front and back sides of the solar sail will have different 
surface emissivity. According to the Stefan-Boltzman’s law the rate of energy emitted from a unit area of the 
surface material at temperature T  is proportional to the fourth power of the temperature of the surface. The 
solar sail radiates heat into the space that has a temperature 2.725 K related to the cosmic micrrowave 
background radiation. For simplicity we consider that this temperature is 0 K. Taking this fact into consideration 
for the rate of energy emitted by both sides of a unit area of the solar sail we obtain  
4)]()([( TTTW SBbfe σςς += ,          (17) 
where )(Tfς and )(Tbς are the front and back sides surface emissivity of the sail at given temperature, 
respectively and 81067.5 −×=SBσ Wm
2K-4 is Stefan-Boltzman constant. Based on the law of conservation of 
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energy the solar sail will be in thermal equilibrium if the total absorbed energy equals to total emitted energy. 
This condition allows finding the thermal equilibrium temperature [19, 20] 
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Eq. (18) is obtained under the assumption that solar energy flux has an inverse square variation with the distance 
from the Sun (in fact, this assumption is not valid when account is taken of the finite angular size of the solar sail 
[ 20] and considering that the solar energy flux with the angle of an incidence θ  to the surface of the sail at the 
distance r from the Sun) and the solar irradiance W0 at 10 =R AU. From Eq. (18) it follows that the temperature 
of the solar sail material is increases when the solar sail approaches to the sun as 2/1~ −rT . Taking into account 
the temperature dependence of the emissivity (17) (emissivity is approximately linearly proportional to 
temperature) in Eq. (18) we can conclude that the temperature increases approximately as 5/2~ −rT ,  when the 
heliocentric distance r decreases. In other words, when we are taking into account the temperature dependence of 
the emissivity (17) and a conductivity of metals the temperature dependence on the distance is not the same as 
for the constant emissivity and conductivity. In this case the temperature of the solar sail material increases more 
slowly when sail approaches to the sun than in the case for the constant emissivity and conductivity. However, 
the increase of the temperature decreases the reflectivity of the solar sail which is a disadvantage for its 
dynamics (acceleration). Can the disadvantage related to the temperature be turned into the advantage for the 
solar sail dynamics? The hot sail may have one advantage related to the thermal desorption propulsion method 
proposed in Ref. [21]. The thermal desorption is the process for mass loss and dominates all other processes for 
mass loss above temperatures of 300–500 0C. If we can heat sails to temperatures >1000K and the surface of 
solar sail has a coat of embedded atoms or paint, their thermal desorption can provide higher specific impulse 
than liquid rockets. In other words, atoms embedded in a substrate can be liberated by hear heating and provide 
an additional trust. Using the thermal desorption for thrust is not a new idea, but it is new to apply this idea to the 
solar sail that naturally gains temperature through the absorption of solar radiation. Heating of a sail by solar 
radiation to the temperature until its surface coat sublimes or desorbs and, therefore, can add far more thrust 
sounds attractive. However, it requires the search and surveys of promising new materials for thermal desorption 
that can be embedded on the surface of solar sail, study their optical properties and usage for thrusting 
applications. 
IV. Degradation of Solar Sail Materials by Solar Radiations 
The solar sail is exposed to different environmental factors that cause the degradation of the solar sail 
materials which can be a composite multilayer system of high reflective films on the polymeric substrates. The 
main factors of space environment that lead to the degradation of the solar sail material are vacuum UV radiation 
flux of electrons, protons and α-particles radiated by the sun. 
A. UV Radiation 
Vacuum ultraviolet radiation is one of the major environment factors causing the degradation of solar sail 
material. Although the UV energy percentage in the total spectrum of the Sun is very limited, its photon energy 
is high enough to significantly change reflectivity of the metallic films and break most chemical bonds in the 
polymers [23]. Under UV radiation, the mechanical properties as tensile properties of metallic film did not 
change significantly [24, 25], while the optical ones varied noticeably. With increasing the irradiation dose, the 
tensile fracture strength and elongation decreased slightly, and the spectral absorbance increased remarkably in 
the ultraviolet to visible regions.  
 The intensity of UV, X -ray, and γ -ray radiations penetrating a layer of a solar sail of material with thickness 
d is given by the exponential attenuation law deII µρ−= 0 , where I0 is the incident photons intensity and μ is a 
mass attenuation coefficient. Using Eq. (1) the last equation can be rewritten in the following form:  
                seII  0
µ−= .             (19) 
Eq. (19) gives the relationship between the key parameter s that determines the performance of the solar sail 
and the mass attenuation coefficient µ  of the photon flux that related to the degradation of the surface of the 
solar sail. The mass attenuation coefficient µ  is a basic quantity used in calculations of the penetration and the 
energy deposition by photons in materials that leads to degradation of optical properties of the solar sail. The 
mass attenuation coefficient is directly related to the total cross section of photon interaction with atoms of the 
solar sail material. The total cross section can be written as the sum of contributions from the principal photon 
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interactions with a metal film: apeσ  is the atomic photoelectric effect cross section, Cσ  is the Compton 
scattering cross section, pairσ  is the cross section for electron-positron production, and npeσ  is the photonuclear 
cross section.  As a result for the mass attenuation coefficient we have 
                 ),( npepairCape nnnZn σσσσµ +++=        (20) 
where n is the number of metal atoms in the unit volume. The attenuation coefficient is a function of photon 
energy because each cross section depends on the photon energy.  The first term in Eq. (20) is dominant for a  
low photon energy, the second term becomes important for photon energy up to hundreds of keV, the third term 
plays the major role for photons’ energy higher than a few MeV, and the last term gives the dominating 
contribution for high-energy photons when they are interacted with nuclei of the solar sail material. Using the 
corresponding cross section for the considered processes we can estimate the reduction of the radiation through  
 
Fig. 2 Attenuation of photons by beryllium and aluminum films for different photon energies. 
the solar sail. The results of the attenuation of the photons by beryllium and aluminum thin foils are presented in 
Fig. 2. It is important to mention that for the same areal mass of the solar sail the thickness of the aluminum film 
is 1.46 times larger than that for the beryllium film that is equal to the ratio of the densities of aluminum and 
beryllium. To make the most conservative prediction of the dependence of the ratio I/I0 on the areal mass of the 
beryllium and aluminum films for the ionization processes, we use the maximum value of the attenuation 
coefficients for the corresponding processes. The results presented in Fig. 2 indicate that UV radiation with 
energy less that 10 eV are completely absorbed by Al and Be films when the areal mass more than 0.5 g/cm2. It 
is interesting to mention that for the photon energy range between about 15 eV and 100 eV the ionization of 
aluminum is always less than that for beryllium.  This is due to the fact that mass attenuation coefficient for Al at 
these photons energies is less than one for the beryllium. For photon energies more than 1keV ionization of the 
beryllium is relatively smaller than of the aluminum. However, at these energies less than 50% of photons 
penetrate the sail foil for both metals if the areal mass equals 5 g/m2.  At the energy of photons below 150 eV the 
major effect of the attenuation of the photons is the ionization of the metallic surface of the solar sail. Therefore, 
the solar sail is gaining the positive electric charge. Also our estimate based on the values of the mass attenuation 
coefficient at high energies shows that less than 1% of 1 MeV photons attenuated by each of films with the areal 
mass more than 1 g/cm2.  When the film areal mass increases the degree of ionization increases also as it was 
demonstrated in Ref. 26 for different candidates solar sail material.  
B. Degradation by solar electrons, protons and α-particles  
 Electrons, protons and α-particles will also interact with the solar sail film. At low energy, electrons scatter 
on the sail material atoms and basic physical processes are the excitations and ionization of the atoms of solar 
sail material. We can use Eq. (19) to determine the solar electron flux reduction; however, the mass attenuation 
coefficient for electrons is defined as 
                    ),( iexe nZn σσµ +=                        (21)  
where exσ  is the sum of total cross sections for excitation processes in different states, and iσ  is the sum of 
total cross sections for the ionization with excitation. The energy dependence of the cross section results in the 
energy dependence of the mass attenuation coefficient for the electron. The scenario with the maximum value of 
the cross section for each process is conservatively assumed to better understand the processes' influence on the 
Areal mass of solar sail, s,  g/m 2
I/I
0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
10 eV,   Be
50 eV,   Be
100 eV,  Be
1 keV,    Be
10 eV,    Al
50 eV,    Al
100 eV,  Al
1 keV,    Al
9 
 
ionization of the solar sail surface. To make a meaningful estimate of all effects of the interaction of photons 
with the solar sail material leading to its ionization, we consider the upper limits of the experimental and 
theoretical values of the cross sections for all considered processes.  
 
Fig. 3 The dependence of the ratio I/I0 on the beryllium areal mass for different electron energies. 
As an example we consider the beryllium and calculate the dependence of the ratio I/I0 on the areal mass for 
different electron energies shown in Fig. 3. The results show that 10 eV electrons are stopped by the beryllium 
film with the areal mass 1.5 g/cm2, while about 50% of 50 eV electrons penetrate the beryllium film with this 
areal mass. The stopped electrons mostly ionize the beryllium film and lead to the excitation of beryllium atoms 
that finally results their ionization through the different auto ionization channels.  
When electrons, protons and α-particles pass through the sail material there is the energy loss for electrons, 
protons and α−particles. For electrons, this energy loss is the result of collisions with background atomic 
electrons and bremsstrahlung radiation when they are strongly deflected by the nuclei of solar-sail material 
atoms. For protons and α−particles, it is caused by electronic and nuclear collisions. Figs. 4 and 5 present the 
dependence of the stopping range for protons and α-particles on the energy of proton and α-particle. We use the 
data from the ESTAR and ASTAR database [27] and the program, which calculates the stopping range for 
protons and α-particles in beryllium and aluminum. The comparison of Fig. 4 and 5 shows that the stopping 
range of the proton in beryllium is larger than that in aluminum, while there the situation is opposite for α-
particle. The stopping range for α-particle in aluminum always exceeds that for the beryllium. From the 
presented result we can conclude that protons and α-particles with energies from 10 keV to 100 keV 1 MeV will 
be stopped by the beryllium or aluminum solar sail foil with the areal mass between 0.1 g/m2  and 10 g/m2 . This 
results in ionization of the solar sail film and degradation its optical properties. Let us also mentioned that the 
stopping range much lower for the beryllium than for aluminum, scandium, titanium and niobium, which also are 
considered as candidate solar-sail materials [28]. 
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Fig. 4 The dependence of the stopping range of proton on the energy. 
The interaction of photons, electrons, protons and α-particles with solar sail material produces atomic 
displacements, electronic excitations, or both. Atomic displacements result from the elastic scattering of the 
protons and α-particles by an atomic nucleus so that the kinetic energy transferred to the nucleus in the collision 
is sufficient to break the chemical bonds to neighboring atoms.  Inelastic scatterings of these particles produce 
macroscopic modifications in the properties of solids that are dissimilar to those caused by the electrons. 
Electron-induced displacement damage in materials is qualitatively and quantitatively unlike that caused by the 
protons or α-particles.  
 
Fig. 5 The dependence of the stopping range of α−particle on the energy. 
V. Discussion and Conclusions 
Functional solar sails must be resistant to the effects of space environmental exposure.  The influence of the 
effects of space environmental factors such as a vacuum UV radiation, electrons, protons and helium ions impact 
on materials were studied experimentally [1, 4-6, 29-30].  These experimental studies focused on the 
measurements of the hemispherical reflectance when samples under investigation have been exposed 
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to electron, proton, and UV irradiation separately and combined were investigated. Peculiarities in 
changes of spectral reflectance of thermal control coatings under single and multiple influence of 
space environment were studied. Exposure of samples to environmental factors, separately and in 
combination, demonstrated different dependence of the spectral reflectance coefficient on the exposure that is 
associated with various processes of defect generation. The most significant irreversible changes of optical 
properties of materials are produced by protons. In this case the reflectance of materials changes appreciably. 
The most important conclusion that space environmental factors demonstrate the effect of nonadditivity: the 
influences of separate environmental factors and their combined action are not the same.  One should take this 
fact into account in theoretical modeling of the space environmental effects.  
We have discussed the influence the of space environment on the solar sail temperature that it gains as a 
result of absorption of solar radiation. The increase of temperature slightly change the reflectivity of the metals 
used in aerospace industry, and not significantly affect the propulsion efficiency of the sail. However it requires 
having more thick material to reflect all wave lengths of electromagnetic radiation at high temperature than when 
solar sail is at low temperature. Of course this increases the areal mass affects significantly on the performance 
of solar sail. Therefore, the strategy of solar sail mission have to consider this fact up prior  based on a projected 
maximum temperature that solar sail will reach in space depending on the distance from the sun. Results of our 
study show that the temperature of a solar sail increases approximately as 5/2~ −rT ,  when the heliocentric 
distance r decreases, when are taking into account the temperature dependence of the emissivity and 
conductivity  of the solar sail material. Thus, the temperature of the solar sail material increases more slowly 
than in the case for the constant emissivity and conductivity ( 2/1~ −rT ).   
In the present work is demonstrated that the space environment related to UV radiation, electrons, protons 
and helium ions influence: 
1. Structural changes in the surface of solar sail that results in the radiation-enhanced adsorption, decrease 
of reflection and desorption. The radiation-enhanced adsorption leads to the increase the solar sail 
temperature. 
2. Generation of the electric field due to accumulation of the volume charge at the materials surface under 
the action of ionizing radiation. The effect of ionizing radiations depends on the radiation dose. 
Thus, the temperature increase and the accumulation of the positive electric charge are the most two 
disadvantages that causes by the space environmental factors.    Let us address the issue how we can turn these 
disadvantages into the advantages. The ionized charged sail may have advantage related to the electrical 
propulsion by the solar wind proposed in Ref. [31]. As is shown above in our case as a result of ionization the 
solar sail naturally gains the positive charge (potential) which will deflect the proton component of the solar 
wind and therefore, extract momentum from the solar wind plasma. In Refs. [26, 32] was analyzed such 
opportunity for the beryllium hollow body solar sail. However, the proton component of the solar wind induced 
acceleration is considerably less that the solar radiation-pressure acceleration. When solar sail naturally gains the 
heat its temperature increases and can be so high that can be used the thermal desorption propulsion method 
proposed in Ref. [21]. Using coats of atoms, that liberate by hear heating at high temperature through thermal 
desorption, embedded in the reflecting surface of solar sail can provide an additional significant trust for a solar 
sail. After the coats sublime away, the sail can perform as a conventional solar sail, using a beryllium or 
aluminum coat beneath. 
The determination of optical properties of the solar materials remains a challenging task, despite the 
advanced methods of data acquisition and analysis. It is required to develop mathematical model that allows 
model the time dependence of optical parameters of the solar sail on dose of radiation exposed by the sun and 
use these parameter in orbital equation for a realistic mission analysis. In Ref. [33] are made some steps toward 
mathematical models describing the influence of electron radiation on outgassing of spacecraft materials. The 
theoretical works has been accomplished in the aria of an imperfectly reflecting solar sail dynamics modeling 
and considering optical degradations of the solar sail [2, 34, 35]. However, it was considered the static model 
assuming that the optical parameters are changed as a result of the space environment but not undergo the 
changes during the mission.   Unique technology involving optical performance, environmental stability, thermal 
expansion and wrinkle management of the sail film, system dynamics and control strategies and many other 
issues must be addressed for realistic minimum mass solution [36]. This is problematic but a challenging task. 
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